Abundances of ciliate size classes and of phototrophic ciliates were compared between 2% formaldehyde and 1% Lugol's preserved samples collected over 1 year at a coastal Mediterranean site. Large cells and Mesodinuim rubrum were poorly preserved in formaldehyde. A correction factor for ciliate numbers in formaldehyde samples of 1.6 for M. rubrum and of 1.3 for other naked ciliates was found at our study site, where most ciliates were <30 mm equivalent spherical diameter (ESD). Commercially produced Lugol's appears inferior to laboratory prepared solutions.
I N T R O D U C T I O N
Ciliates often numerically dominate microzooplankton populations and play an important role in pelagic food webs (e.g. Pierce and Turner, 1992; Broglio et al., 2004) . It is essential to obtain accurate estimates of ciliate abundance and biomass regardless of the means by which microzooplankton samples are preserved. Gifford and Caron (Gifford and Caron, 2000) presented a review on advantages and drawbacks of several fixatives for microzooplankton studies. The most common fixatives in field studies of ciliate assemblages are acid Lugol's solution and formaldehyde as they are inexpensive and easy to use. Lugol's minimizes cell loss but causes considerable cell shrinkage and distortion, and samples are sometimes lost due to the formation of precipitates in the samples (Stoecker et al., 1996; Modigh, unpublished data) .
Formaldehyde causes minor shrinkage and distortion allowing ciliate morphotypes to be determined at least to the level of genus. Further, mixotrophic ciliates may be distinguished by fluorescence of kleptochloroplasts (Stoecker et al., , 1994b (Stoecker et al., , 1996 Pitta and Giannakourou, 2000; Modigh, 2001) . However, the use of formaldehyde results in loss of cells, from less than 20% Pitta and Giannakourou, 2000) to more than 70% (Leakey et al., 1994) . It is also toxic; recommended concentrations are generally 1-5% final volume (e.g. Sherr and Sherr, 1993) .
To test to what extent the information gathered on ciliate assemblages may be distorted when formaldehyde is used, we verified whether there are differences due to ciliate cell size in preservation in formaldehyde as compared to Lugol's. To cover the largest possible number of naturally occurring ciliate species, we analysed weekly duplicate samples over 1 year, June 2000 till May 2001, at a coastal site in the Gulf of Naples, Mediterranean Sea (Ribera d 'Alcalà et al., 2004) .
R E S U L T S A N D D I S C U S S I O N
To prevent cell loss, Stoecker et al. (1994a) suggested at least 10% final concentration of Lugol's to preserve ciliate samples. However, Lugol's concentrations of 0.5-2% is still often used in studies on ciliates (e.g. Vaqué et al., 1997; Kuipers and Witte, 1999; Archer et al., 2001; Bulit et al., 2003; Setälä and Kivi, 2003; Johansson et al., 2004) . Two recent studies on the effect of different fixatives on ciliates used 0.4% (Karayanni et al., 2004) and 1% Lugol's (Chaput and Carrias, 2002) . The reluctance to use high Lugol's concentrations may be due to the dark brown coloured samples that cause difficulties in optical microscope analyses; in fact, to avoid dark colouration of detritus, formaldehyde was found more convenient in a coastal study (Fonda-Umani and Beran, 2003) . Our preliminary tests (Throndsen, 1978) showed similar total cell numbers in 1 and 2% Lugol's (N = 12; t-test P < 0.05). On the other hand, we had problems counting the smallest ciliates in 5 and 10% Lugol's samples; variability between replicate counts was high (Table I ) and bleaching made ciliature less visible thus impairing counts of small ciliates. As nanociliates often comprise 40% or more of total ciliate numbers at our study site (Modigh, 2001) , this was of particular concern.
From a Niskin bottle deployed at À1m depth, two samples were drawn into sampling vials already containing the fixative, borate formaldehyde (2% final concentration) or Lugol's (1% final concentration). Forty-nine samples were collected but only 47 couple of samples could be used as two of the Lugol's samples were lost due to the formation of precipitate. The sample bottles were kept dark at +4 C until analysis. Pre-concentration of samples was performed (Dolan and Marrasé, 1995) , and random controls of discarded water did not reveal any significant loss of ciliate cells. In general, an aliquot of 100 mL of original sample volume was analysed; replicate counts were made on 14 samples. Ciliate densities expressed as cells L À1 were corrected for the volume of fixative added. Ciliates were divided into three main categories: aloricate ciliates, the phototrophic ciliate Mesodinium rubrum and loricate ciliates. Empty lorica were not counted; heavily agglomerated lorica were very rare (Modigh and Castaldo, 2002) and were counted as live. The aloricate ciliates were subdivided into size classes, <18 mm equivalent spherical diameter (ESD) , 18-30 mm ESD, and then in size classes spanning 10 mm (30-40 mm ESD, etc). However, as cell numbers in the size classes of >30 mm ESD were generally low (<1000 cells L À1 ), all data for ciliates >30 mm ESD were pooled and are presented together. Ciliate size classes refer to formaldehyde samples; size classes in Lugol's were 76% of those in formaldehyde (Putt and Stoecker, 1989) but are presented with the same labels for clarity and comparison.
Ciliate biovolumes were calculated from linear measurements and appropriate geometrical shapes; biomass was calculated using the conversion factors for formaldehyde and Lugol's samples 0.14 and 0.19 pg C mm À3 , respectively (Putt and Stoecker, 1989) .
Ciliate numbers were strongly correlated (r = 0.92) in the Lugol's and formaldehyde series of samples and were on average 33% higher in Lugol's (Fig. 1a) . Average total aloricate ciliate abundance was 13.1 Â 10 3 and 5.9 Â 10 3 cells L À1 in Lugol's and in formaldehyde, respectively. Ciliate numbers and the calculated biomass for Lugol's and formaldehyde samples showed a very similar pattern of variation (Fig. 1b) thus validating the differences in carbon content per unit biovolume which take into account the differences in cell shrinkage due to the fixative used. The relations between cell numbers in Lugol's and in formaldehyde samples for different size classes are reported in Table II for samples with >1000 cells L À1 , however, only minor changes occurred when all samples were included (Fig. 2) . The slope increased from 1.2 to 1.5 with increasing cell size.
The phototrophic ciliate M. rubrum was very poorly preserved in formaldehyde. Due to characteristic morphology, the mixotrophic ciliates Laboea strobila and Tontonia spp. can be recognized in Lugol's and formaldehyde samples. Most of these mixotrophic ciliates were 30-40 mm length, such as Tontonia simplicidens, Tontonia gracillima, while large L. strobila and Tontonia appendiculariformis were less abundant. The differences between mixotrophic ciliates in Lugol's and in formaldehyde samples were slightly less than for the small and medium sized cells suggesting a better resistance of these ciliates to formaldehyde. Karayanni et al. (2004) found a factor of 2 for mixotrophic ciliate numbers (Laboea and Tontonia spp.) counted in 0.4% Lugol's versus 2% formaldehyde preserved samples; however, they state that the relationship was not significant due to low abundances, only up to 75 cells L
À1
. In our study, analysis of variance (ANOVA) showed significant differences to occur between Lugol's and formaldehyde samples for all ciliate categories except for the tintinnids (Table III) .
Most studies on the effect of fixatives on ciliates have focused on cell volumes (e.g. Putt and Stoecker, 1989; Jerome et al., 1993; Wiackowski et al., 1994; Menden-Deuer and Lessard, 2000; Menden-Deuer et al., 2001; Zinabu and Bott, 2000; Chaput and Carrias, 2002) while there are only a few studies on differences in ciliate abundances (Leakey et al., 1994; Stoecker et al., 1994a; Pfister et al., 1999; Karayanni et al., 2004) . Underestimation of ciliate biomass was consistent in some of the formaldehyde samples due to large cells being poorly preserved in formaldehyde. Cells >40 mm ESD exceeded 1000 cells L À1 in only seven samplings and contributed 8 AE 6% and 5 AE 4% of ciliate abundance, but the contribution to total ciliate biomass was 39 AE 17% and 26 AE 16% in the Lugol's and formaldehyde samples, respectively.
In general, peak values in ciliate numbers were due to high numbers of a single morphotype, presumably representing one or a few species, mainly Strobilidiidae or scuticociliates. In those samples where major discrepancies were found, a morphotype found in high numbers in Lugol's was found only in very low numbers in the formaldehyde sample which may be explained by the taxon-specific reaction of ciliate species to the preservatives (Stoecker et al., 1994a) . In most of the samples, no single morphotype was dominating, and the differences between the Lugol's and formaldehyde samples were smaller (Fig. 2a) . However, on the whole, we observed increasing losses at increasing cell size. This relates well to the findings of insignificant losses of ciliate numbers in formaldehyde samples from oligotrophic Eastern Mediterranean waters where the ciliate assemblages were mainly small <30 mm cells (Pitta and Giannakourou, 2000; Pitta et al., 2001) . On the other hand, to compensate for loss of oligotrichous ciliates upon fixation in 2% formaldehyde, Stoecker (Stoecker et al., 1994b) multiplied the oligotrich counts by an empirically determined factor of 1.56, similar to the one we found for larger ciliates (1.50 for ciliates >18 mm; Table II) . We also performed an additional study on the use of commercial Lugol's (Sigma Aldrich), as compared to the one prepared in the laboratory (Throndsen, 1978) . Checking a great number of publications on ciliate studies, we found that authors in most cases do not specify if the Lugol's solution was prepared in the laboratory (L-Lugol's) or if a commercial solution (C-Lugol's) was used. The C-Lugol's is less dark, and 10% final concentration of samples did not interfere with microscope counts. Iodine concentrations were determined with a Hewlett-Packard 8453E spectrophotometer; maximum absorbance occurred at 288 and 351 nm for both L-and C-Lugol's. Iodine concentration was 0.91 M in L-Lugol's and 0.36 M in C-Lugol's. All Lugol's bottles were stored in the refrigerator and protected from light, and measurements were performed several months prior to the expiry date reported on the bottle, however, we found that the commercial Lugol's solution was less stable over time as compared to the L-Lugol's. L-Lugol's maintained 94% of the original iodine concentration after 2 years while almost total degradation (0.03 M) of C-Lugol's had occurred after 1 year. Duplicate samples preserved in 1% L-Lugol's and in 10% C-Lugol's showed higher numbers of nanociliates and of M. rubrum in L-Lugol's (Table IV) . As final iodine concentration in 10% C-Lugol's was higher than in 1% LLugol's, this may be due to a different composition of the two solutions; no description of contents is written on the bottle. If commercial Lugol's is employed the iodine concentration of the commercial Lugol's need to be measured due to the degradation in time of the preserving agent, and in future works, it ought to be stated, along with the final Lugol's concentration of samples, whether a commercial or laboratory prepared solution was employed.
Mesodinium rubrum is an extremely delicate species (Lindholm et al., 1988) thus the poor preservation of the phototrophic ciliate both in commercial Lugol's and in formaldehyde is not surprising. M. rubrum is often the most abundant ciliate species in coastal waters Coats and Revelante, 1999; Modigh, 2001 ) and the underestimation of this species has been announced but not quantified in previous studies (Crawford, 1989) .
The high losses reported for some ciliate species in formaldehyde are taxon specific and cannot be extrapolated to the entire ciliate community. Our findings on differences of ciliate preservation in formaldehyde and in Lugol's are based upon a large number of species during 1 year at a study site presenting alternatively oligotrophic and coastal water conditions (Ribera d'Alcalà et al., 2004) . Therefore, we propose a correction factor for cell numbers in formaldehyde samples of 1.6 for M. rubrum which should be fairly accurate as suggested by the very strong correlation between our Lugol's and formaldehyde series of samples. Assuming that M. rubrum is really a single species (Lindholm et al., 1988) , this factor could be applied also for other studies. On the other hand, the correction factor of 1.3 for naked ciliate numbers in formaldehyde is valid for cells <30 mm ESD, while a higher factor is needed in situations where larger cells are abundant. Before applying a correction for cell numbers in formaldehyde samples, it is thus necessary to observe some live or Lugol's fixed samples. Further, to obtain truthful estimates of mixotrophic ciliates it is necessary to count parallel samples fixed in formaldehyde and in Lugol's (Dolan and Perez, 2000) . 
